Abstract. Bend and shear tests were used to characterize the improvement in impact behavior of various ultrahigh carbon steel laminated composites. These tests turned out to deliver much more useful information about the mechanical properties of the laminates than the Charpy impact tests and were especially interesting for characterization of laminates of very high toughness values. The toughness of the various laminates was controlled by the rolling conditions that determined the quality of the bond and the appearance of delamination by the interfaces. The bend test allows determination of yield and maximum stresses, absorbed energy and permits graphical visualization of layer fracture and delaminations as testing proceeds. The shear test allows mechanical characterization of the bond quality between layers, permitting prediction of possible delaminations, and therefore, the mechanical properties of the layered material.
Introduction
The Charpy impact test is a method for evaluating the relative toughness of materials. It is used nowadays as an economical quality control method to assess the notch sensitivity and impact toughness of engineering materials. For example, ultrahigh carbon steels possess good mechanical properties such as yield strength, ultimate tensile strength, hardness and wear resistance, but their toughness is quite low [1] [2] [3] . A way of largely improving their toughness is by their introduction into layered or laminated composites [4] [5] [6] . Hot rolling refines the microstructure of the constituent steels [3] and, more importantly, is capable of obtaining good bond between layers while still permitting their delamination, if needed, to obtain improved toughness [6] [7] [8] [9] [10] [11] [12] . To avoid the limitations of Charpy impact tests for characterizing the laminates, bend tests were performed which gave more useful information, such as yield strength, ultimate flexure stress and valuable information on the behavior of interfaces. Additionally, the interface bonds were further characterized by shear tests on the interfaces. In this paper, the complementary information provided by both bend and shear tests on various ultrahigh carbon steel based laminated composites is reported. Table I shows the compositions of the seven constituent steels (in wt.%) used to obtain the six laminates of this study. Four steels are ultrahigh carbon steels (UHCS), two are mild steels (MS) and one is a Cr and Mo steel (CMS). Squares of dimensions 60x60 mm 2 of all steels were cut and machined to present clean and smooth faces, which were piled up until a block of about 30 mm in thickness was prepared. These blocks were hermetically welded by Tungsten Inert Gas (TIG) prior to high temperature rolling to avoid oxygen penetration and delamination during processing. The stacking sequence is illustrated in Table II , which shows the denomination of the six different laminates including their constituent steels and number and thickness of initial layers.
Material and experimental procedure
A two-high rolling mill of 134 mm roll diameter at a rolling speed of 366 mm/s was utilized. The different laminates were processed as follows: BA07: 29.5 mm in thickness, 1 hour at 650ºC and 6 series of 3 passes of 5% until 10.5 mm.
Total deformation of ε =-1. CA70: Double rolling. Firstly, at 795ºC, 1 block of 7 layers (4 layers of C and 3 of A) until ε =-2. Secondly, after 28 min at 760ºC, 10 blocks (of 7 previous layers) were given 5 series of 6, 6, 5, 4 and 1 passes of 1 mm until 10.5 mm, giving an additional ε =-1.1. CE54: Double rolling. Firstly, at 800ºC, 1 block of 6 layers (3 layers of C and 3 of E) until ε =-2.
Secondly, after 23 min at 764ºC, 9 blocks (of 6 previous layers) were given 4 series of 7, 5, 4 and 2 passes of 1 mm (except the last one, at 0.5 mm) until 11.3 mm, giving an additional deformation of ε =-0.9. DG10: 28.5 mm in thickness, 30 min at 770ºC, in 5 series of 5, 4, 4, 2 and 3 passes of 1 mm except the last series at 0.5 mm until 11.5 mm, giving ε =-0.9. HH20st: 29 mm in thickness, 30 min at 785ºC, in 4 series of 3, 5, 4 and 2 passes of 1.5 mm in the first 4 passes and 1 mm in the rest until 11 mm, obtaining ε =-1. (Named "soft processing"). HH20se: 29 mm in thickness, 45 min at 785ºC, in 3 series of 11, 5 and 1 passes of 1.5 mm in the first 6 passes and 1 mm in the rest until 11 mm, giving ε=-1. (Named "severe processing").
Two mm V-notched Charpy type testing specimens were mechanized with 10x10x55 mm 3 dimensions from the constituent and the laminated materials to perform 294 J Charpy impact and three point bend tests. Shear tests were performed on specimens with dimensions of 10x10x4 mm 3 for all materials.
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Results and discussion Charpy impact tests. Table III shows the impact energy absorbed by the different constituent and laminated materials tested with a 296 J Charpy pendulum. Additionally, Charpy impact procedure does not give information on the processes taking place in the composite to reach the given value. This limitation can be avoided by means of bend and shear tests. A combination of both tests permits a proper characterization of operating fracture mechanisms.
Bend tests. Fig. 1 shows typical σ vs. ε curves obtained from bend tests of the six different laminates in the arrester orientation. As it can be observed, not only the absorbed fracture energy (proportional to the area under the curve) can be measured, but also the yield stress, the ultimate flexure stress, the ductility, and more important in the case of layered materials, the influence of their interfaces on the mechanical properties. It is also observed that the behavior in flexure is totally in agreement with the Charpy results. The key feature in the figure is the ability of the materials to extend their ductility. As shown in Fig. 1 , there are stress drops which correspond to tearing of one or several layers. This tearing continues until delamination occurs which corresponds to the start of the stress plateau. The plateau proceeds until a new crack is nucleated as a consequence of plastic deformation. The figure clearly reveals that the more delaminations the better is the material toughness. Additionally, the number of delaminations can be counted for every laminate. However, it cannot enlighten about the quality of the bond between layers. In order to have additional information about the quality of the bond, shear tests on the interfaces must be performed, as it will be shown below. Fig. 2 shows the fractured bend tested samples corresponding to Fig. 1 . It is clear the correlation between delaminations and absorbed energy during testing. The first fracture corresponding to HH20se shows the typical monolithic behavior without any delamination and little energy absorption. The laminate BA07 shows macroscopically a very limited effect of interfaces with a small increment of the area under the curve. Laminates CE54 and CA70 present several important delaminations that increase largely the amount of absorbed fracture energy. In both cases delaminations occurred between blocks of layers, corresponding to the last processing step; i.e., the bond between layers is too perfect (behaving as monolithic) but the bond between blocks, which is not so "perfect", is optimal. The behavior of the DG10 and HH20st is excellent, obtaining many delaminations together with large amounts of plastic deformation necessary to induce another crack in the following layer, and therefore, absorbing a lot of energy. It must be said that the HH20st stopped the Charpy pendulum, and the bend test confirmed a huge increase of energy absorption of about two orders of magnitude respect to the HH20se. In this case, the role of extrinsic mechanisms is highlighted, showing that the absorbed energy values are mostly dependent on the interfaces and not as much on the constituent materials.
Shear tests. To precisely characterize the mechanical properties of interfaces, shear tests on them have been performed. These tests can be compared to those corresponding to the monolithic constituent materials, and also between different interfaces of the same laminate. Fig. 3 shows shear tests on the interfaces and also on monolithic E (MS), G (CMS) and H (UHCS). Both monolithic materials, E and G, show similar behavior. They are very ductile, with τ max around 260 MPa and γ max >8. However, UHCS H shows much less ductility, γ max =1, and much higher τ max around 580 MPa. Although not all interfaces on each laminate have been tested, it is easy to differentiate between interfaces that are able and not able to delaminate. The interfaces not able to delaminate are those so well bonded that their curves resemble that of the most ductile constituent. On the contrary, the interfaces showing lower stress and ductility are candidates for delamination. The interfaces tested on laminates BA07 and CA70 are mostly not able to delaminate, in contrast to interfaces of DG10 laminate that show less ductility. There are also interfaces in CE54 and CA70 laminates that are less ductile and, therefore, are able to delaminate. These correspond to layers between blocks, prone to delamination. In these two laminates it is clearly shown the influence of processing. In the case of HH20st and HH20se, consisting exclusively of UHCS H, the interfaces of HH20se show much higher values of τ max than those of HH20st. Apparently, there must be a clear difference between the mechanical properties of a given interface and the mechanical properties of the next layer in order to facilitate crack deviation and, thus, delamination. As the only difference of both UHCS HH laminates is the processing path, it confirms that a severe processing, bonding too perfectly the layers, is not adequate. The interfaces able to delaminate present a toughness value, which corresponds to the area under the curve, of about one third or less of the value of the monolithic material that constitutes the next layer. This warrants maximum energy absorption and optimal mechanical behavior. γ Plastic Fig. 3 . Shear tests on the interfaces of the different laminates: BA07, CE54, CA70, DG10, HH20st and HH20se, including also shear behavior of monolithics E, G and H.
